Abstract: A set of transition metal doped nanosized TiO 2 particles with anatase structure were synthesized by the pulverization method and their ability to photocatalytically degrade the dye Alizarin Red S was investigated. Characterization of the Zr-, Co-and Mo-doped photocatalysts was conducted with the aid of XRD, SEM, EDX, TEM, BET and spectral analysis. X-ray diffraction patterns did not reflect the appearance of any peaks due to dopants, however dopants were observed in SEM-EDX analysis. Particle sizes were in the range of 25 nm as per TEM and XRD analysis. Upon doping, a prominent decrease in surface area was observed. The percentage composition of each of the dopants was confirmed by EDX analysis. Doped samples depicted many mid-bands in the Kubelka Munk plots due to d-d transition of dopants. Experiments were conducted to compare the photocatalytic activity under identical UV and solar light exposure. Zr-doped TiO 2 at the molecular scale exhibited better photocatalytic activity in degradation of Alizarin, with a lower band-gap energy that can respond to visible light. However, Co-and Mo-doped TiO 2 appeared to suppress the photoactivity. A rise in the number of mid-bands causing effective separation or recombination of charge carriers strongly influences the rate of the degradation process.
Introduction
TiO 2 , mainly in the anatase phase, has been employed for the degradation of several environmental contaminants under UV light [1] [2] [3] [4] . Several attempts have been made to improve the performance of TiO 2 as a photocatalyst under UV illumination and extend its absorption and conversion capacity into visible portion of solar spectrum [5] [6] [7] [8] . There are reports of a shift of optical absorption into visible region of λ>500 nm by doping of nitrogen [9] [10] [11] into the TiO 2 lattice. The effect of metal-ion doping on the reactivity of TiO 2 has been extensively studied [12, 13] . Substitution of metal ions in TiO 2 crystallites is not likely to occur via the co-precipitation method. The processing of mixed metal hydroxide yields metal-doped TiO 2 , but the long heating times at high temperatures may separate out the dopant metal ions into their respective metal oxides, and in many cases they segregate on the surfaces [14] . Therefore the method of preparation of metal-doped TiO 2 (of general formula Ti 1-X M X O 2 , where M = Zr, Co, Mo) in the anatase phase is critical to assess the effect of metal ion doping towards photocatalysis.
The solid state reaction by pulverization is a novel doping technique and has the advantages of incorporation of metal ions, control of stoichiometry, retention of crystal structure and doping of the desired amount of transition metal ions. The present work was aimed at producing metal ion substituted TiO 2 by the above mentioned technique and studying the influence of the dopants on particle size, surface morphology and the electronic structure of TiO 2 , which affects the photocatalytic performance. The metal atoms chosen for doping were lower valent (Co), isovalent (Zr) and higher valent (Mo) ions. The photodegradation of Alizarin Red S (as a "model" environmental contaminant) in aqueous suspension was used as a probe reaction to compare the photoactivity of these metal doped TiO 2 .
The present study involved the incorporation of metal ions into the TiO 2 lattice by pulverization, Structure and photocatalytic activity of Ti 1-X M X O 2 (M = Zr, Co and Mo) synthesized by pulverized solid state technique to cause a substitutional impurity which could finetune the electronic properties of TiO 2 , resulting in an enhanced visible response in sunlight, in comparison to the response of an undoped sample. This study gains significance with the high efficiency of the pulverization procedure to produce transition metal doped TiO 2 and its application as a better visible light induced photocatalyst for degradation of pollutants.
Experimental Procedure

Synthesis of the catalyst
A fine grained powder of anatase form of TiO 2 was prepared by gel-to-crystalline conversion [15, 16] . 100 mL of high purity titanium tetrachloride (Loba Chemicals, purity 99.9%) was carefully diluted by dropwise addition to 100 mL ice-cold, well stirred, double distilled water. 50 mL of the diluted titanium tetrachloride solution was further diluted to 5 L with distilled water. It was then mixed with 1 mL of concentrated sulfuric acid in a beaker. Liquid ammonia was added until a pH of 7-8 was attained. Since there was a tendency of an increase in particle size with annealing, the sample was again pulverized before annealing for another 6 hours to cause effective doping.
Characterization of Photocatalysts
X-ray diffraction (XRD) patterns of the powders were recorded with Shimadzu X-ray diffractometer-model XRD 7000 with CuK α radiation at a scan rate of 1° min -1 .
Crystallite size was determined using Scherrer's equation (0.9λ180/πFWHM hkl cos θ, where FWHM hkl is the full width at half maximum θ value, λ = X-ray wavelength) [17] . The absorption spectra were recorded on a Shimadzu 1650 PC UV-Visible spectrophotometer for micromolar suspensions of the catalysts prepared by ball milling to avoid reflection of light to a maximum extent. The powder samples were examined under a transmission electron microscope using a Technai 10 Philips TEM microscope to study the particle size and diffraction patterns. Energy dispersive X-ray analysis was used in conjunction with scanning electron microscopy (Cambridge instruments) to show the elementary level analysis of samples. The specific surface area was found from the multipoint Brunauer Emmett Teller (BET) adsorption method using a Nova-1000 Version 3.70 instrument with Nova enhanced data reduction software version 2.13.
Photocatalytic evaluation
Photodegradation studies were performed using a reactor vessel of area 176.62 cm 2 into which UV light or sunlight was directly focused. The UV light source was a medium pressure mercury vapor lamp whose wavelength peaked around 350-400 nm and the photon flux was found to be 7.75 mW cm -2 as determined by ferrioxalate actinometry [18] . Sunlight was concentrated using a high power convex lens of 6 inch diameter on bright sunny days between 11.00 am and 2.00 pm during the month of March at Bangalore city (13° 00.57' N and 77° 34.15' E). The average solar intensity was 75.3 mW cm -2 . However, no steps were taken to maintain the intensity of sunlight during subsequent reactions. The photocatalysis was done on a simple model pollutant, Alizarin Red S, of 10 ppm concentration with 0.4 g L -1 of photocatalyst. The extent of degradation of this dye was studied by withdrawing samples for analysis at intervals of 5 minutes. The residual concentration of the dye was estimated from standard calibration curves of absorbance versus concentration of the dye at particular value of λ max = 260.5 nm. The degradation was monitored using the UV-Visible spectrophotometer, (Shimadzu 1650PC UV-Visible spectrophotometer).
Results and Discussion
XRD analysis
The XRD pattern of the nanostructured TiO 2 XRD powder patterns for doped TiO 2 samples did not show much of a difference. There were no significant peaks corresponding to metal atoms or the metal oxides. Different phase's coexisting together also could not be identified from the appearance of characteristic reflections. This could be ascribed to low dopant concentration. However, there was a slight shift in d-spacing with an observable change in cell volume (indicated in Fig. 1) , that implies the incorporation of dopants into TiO 2 lattice. A prominent increase in cell volume can be ascribed to increase in ionic radii from 0.65 Å (Ti 4+ ) to 0.72 Å (Zr 4+ ). On doping, though phase transformation from anatase to thermodynamically more stable-rutile phase is highly expected [19] , the dopants in these pulverized solids, tend to stabilize the anatase phase and prevent phase transformation.
In the process of ball milling, the crystal lattice of TiO 2 undergoes severe plastic deformation, producing stresses and strains. This creates a TiO 2 crystal lattice distortion, while at the same time forming many defects inside TiO 2 particles. These defects have high lattice distortion energy and surface energy. This makes the activation energy for diffusion of elements decrease markedly, and allows for atomic or ionic marked diffusion among elements at room temperature. When the activity of the powder system is high enough, during the ball milling process, the collision between balls and grains of the powder will produce a rise in interface temperature which will induce incorporation of dopants.
It was found that incorporation of metal ions led to a decrease in specific surface area of TiO 2 . An N 2 adsorption study measured the specific surface area of these metal substituted TiO 2 . The decrease of surface area could be attributed to increase in mean crystallite sizes of the metal-doped samples as evident from X-ray patterns. The results of energy dispersive X-ray analysis of the samples is shown in Table 1 . The presence of dopants and their percentage composition were well confirmed by EDX analysis.
Surface Morphology
The powder samples were examined under the scanning electron microscope for surface morphology and dopant distribution. The micrographs are depicted in Fig. 2 . The electron was scanned on selected areas according to the requirements to identify the dopants in the lattice. Selected area electron diffraction of individual particles showed that they are single crystallites, although the tendency of agglomerate formation appears to be high. Fig. 3 represents the micrographs of the powder appearing to be tiny platelets as examined under the transmission electron microscope. The average particle sizes of these doped samples are depicted in Fig. 3. 
Absorbance Spectra
Transition metal doping has a significant effect on the absorption characteristics of TiO 2 [20] . It was anticipated that large differences in optical properties would be required in order to cause changes in photocatalytic behavior. As expected pure TiO 2 crystals did not show any abrupt variation in the 400 nm range (Fig. 4) 
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Mo-TiO2 Co-TiO2 with a broad absorption maximum apparent in UV region at 350 nm. The doped samples had comparatively distinct maxima and sharp bands (intense absorption) in the same region with not much change in the peak value. The optical absorption edge (visible region) of the crystals shifted slightly to higher wavelength in doped (prominent in Zr and Co) samples. Changes in the optical gap or absorbance onset of a semiconductor material as a function of particle size can occur due to quantum confinement effects (Brus, 1986 ). More specifically, as the particle size decreases and becomes comparable to either the de Broglie wavelength of the carrier or the excitonic Bohr radius (r B ), spatial confinement of the charge carriers occurs. This confinement leads to quantization of energy levels and the formation of discrete states. The quantum confinement effect is illustrated by a blue shift in the optical absorption band of pure semiconductor with a smaller size.
Distinct peaks corresponding to transitions from the valence band to discrete states in the conduction band appear in the absorption spectrum. The presence of small multiple, narrow peaks in the absorption spectrum is a good indication of the nanocrystallinity and monodispersity. The Mo-doped sample does not display these multiple peaks in the visible region. The origin of such absorption (although negligible) in visible region of Zr-and Co-doped samples can be attributed to their d electronic configurations, and / or the chromophoric group related to one of the native defects or the formation of dopant energy levels within the bandgap of TiO 2 .
Band gaps
Kubelka-Munk plots of [(1-R ∞ )
2 /2R ∞ versus wavelength] for TiO 2 and Zr-TiO 2 are depicted in Fig. 5 . R ∞ is the ratio of relative reflectance to reflectance of non absorbing medium (100%). The above plot is used to calculate the band gap. It clearly indicates the presence of midbands in the visible region in doped samples. This may be one of the contributors to the facile hopping of electrons in Zr-TiO 2 resulting in enhanced conduction.
The incorporation of the transition metal ion Zr into TiO 2 lattice by pulverization (to cause substitutional impurities) fine tunes the electronic properties of TiO 2 , causing an increased visible response of 2.8 times over the pure TiO 2 in sunlight. The dye Alizarin Red S undergoes complete degradation within 45 minutes of sunlight irradiation in presence of Zr-doped TiO 2 .
Photocatalysis -UV light
The comparative efficiency of these catalysts were determined by studying the effect of their presence on the degradation of the dye Alizarin Red S. The presence of oxygen was necessary for all photoreactions since no degradation occurred in its absence. Fig. 6a represents exponential decay of dye with irradiation (C/C ο versus time) where C is the concentration at any given time interval and C ο is the initial concentration. There was no observable loss of the dye when the irradiation was carried out in the absence of photocatalyst both in UVlight and in sunlight. From examination of Fig. 6a it can be seen that the dye is almost degraded within 50 minutes of UV irradiation in the presence of either TiO 2 or Zr-doped TiO 2 , i.e., both of the catalysts seemed to have almost the same activity. The degradation performed with the Coand Mo-doped TiO 2 affected the rate, with the Mo-doped material nearly deactivating the catalytic activity of TiO 2 . Fig. 6c represent the UV-Vis spectra of degradation of Alizarin Red S with irradiation of different catalysts after 25 minutes. The peaks at 260 nm and 425 nm represent the K and R bands arising due to π→π* and n→π transitions, respectively, in the p-benzoquinone chromophore present in the Alizarin dye. The huge conjugation causing a peak at 425 nm in an extended ketone of Alizarin Red S, appears to undergo degradation very rapidly with all the catalysts as observed in the degradation profile of the dye. However all peaks, including the strong K band, disappear only when undoped TiO 2 is used, (after 55 minutes of irradiation) indicating near complete degradation. It can be clearly stated that under UV exposure degradation rates of doped catalysts were in general less than undoped sample. Reports on UV photocatalysis of titania, synthesized from same precursor TiCl4 and modified by doping Mo by solid state technique [21] and Co by sol-gel technique [22] , indicated enhanced activity and were the motive for our present study. But our experimental results were contradictory, although for a degradation of different organic species Alizarin Red S. During the photocatalytic process, the absorption of photons by the photocatalyst leads to the excitation of electrons from the valence band to the conduction band, thus generating electron-hole pairs. The electron in the conduction band is captured by oxygen molecules dissolved in the suspension and the hole in the valence band can be captured by OH or H 2 O species adsorbed on the surface of the catalyst, to produce the hydroxyl radical. These hydroxyl radicals then oxidize the pollutants [23, 24] (in the present case, Alazarin Red S). Thus, recombination/separation of photogenerated electrons and holes is one of the most significant factors that can deter/enhance the photoactivity of TiO 2
Plots in
Photocatalysis -Sunlight
The photoactivity in sunlight for different catalysts were in the order Zr-TiO 2 (Fig. 6b) . However, the activity of Co appears to compete with TiO 2 in sunlight, whilst a prominent suppressing of catalytic activity is observed in UV light for the same catalyst. The most significant part of this study is observed when the dye degrades to almost 100% in sunlight within 45 minutes of irradiation when Zr-TiO 2 is used. Fig. 6d depicts the UV-Vis spectra of degradation of Alizarin Red S with different catalysts after 45 minutes in sunlight. The strong K band at 260 nm appears to be more resistant to change in UV (with doped TiO 2 ) irradiated experiments, whereas a steep decrease in sunlight within 45 minutes is observed for Zr-doped TiO 2 . The activity of TiO 2 in sunlight was enhanced to 2.87 times on doping with Zr.
Catalytic behaviour is strongly materials-dependent. The nanosize regime is a new class of materials with quantum confinement and surface phenomenon based on particle size, which in turn influence the material properties. Doping involves alteration and possible enhancement of physical properties based on control of electronic energy levels via quantum size and surface effects. However, it is also important to mention that the idea of deep level traps and defects does not apply for a nanoparticle. The irregularities or the defects are associated only with surface electron states which differ in band energies from that present in bulk semiconductor. The created electron states act as charge carrier traps, suppressing recombination which later detraps the same to the surface of the catalyst, causing enhanced interfacial charge transfer. Thus the role of effective separation of charge carriers by carrier traps to enhance catalytic activity could be highly prominent in Zr-TiO 2 . However, the study to substantiate exactly the interplay of electron-holes within the energy levels has a great potential for investigation. These electronic transitions (also facilitating easy hopping of electrons and effectively contributing to conduction) from valence band to the dopant levels, or from the dopant levels to the conduction band, can effectively red-shift the band edge absorption threshold, extending the TiO 2 absorption to the visible region. Although the same holds for the other two dopants, the adverse effect of doping Co and Mo can be attributed to either the increased probability of recombination or unfavorable alignments of valence and conduction bands with the redox potential of the adsorbate. The relevant potential level of acceptor species is thermodynamically required to be below (more positive than) the conduction band potential of the semiconductor and donor potential level of pollutant needs to be above the valence band position of the semiconductor for efficient charge transfer processes.
The technique of pulverization for incorporation of Zr into the TiO 2 lattice, which influences the particle size, surface area, optical and electronic properties, causing an increased response to sunlight gains significance in producing a feasible visible light-induced photocatalyst.
Conclusion
Transition metal ion doping by pulverization induces changes in particle size and surface area, with retention of nanocrystallinity and anatase phase, modifies the 
